The changes in connective tissue with aging are largely due to the formation of intra-and extracellular collagen cross-links. Pyridinoline, trivalent mature cross-linked collagenˆbrils, is especially abundant in collagen of cartilage and bone. [1] [2] [3] [4] The initial step in the formation of pyridinoline is concerned with two enzymatic reactions shown in Fig. 1 . 5) First, hydroxylation of lysine is brought about by lysyl hydroxylase. Then, the deamination of lysyl and hydroxylysyl residues is catalyzed by lysyl oxidase (EC 1.4.3.13), yielding a reactive aldehyde, hydroxyallysine. The aldehyde forms SchiŠ bases with e-amino groups of hydroxylysyl residues to provide dehydrodihydroxylysinonorleucine (deDHLNL). Pyridinoline is formed by the nonenzymatically dehydrated condensation of hydroxylysine and deDHLNL. No enzymatic reaction is involved in forming pyridinoline from deDHLNL in the pathway.
Pyridinoline is necessary for the normal tensile strength of cartilage and bone. However, Fujimoto has reported that excessive amounts of pyridinoline makes connective tissues hard and causes aging of collagenˆbrils. 4) Previously, we have reported that pyridinoline formation in guinea pigs given L-ascorbic acid (AsA)-deˆcient diets increases, and suggested that AsA may aŠect the formation of pyridinoline, especially in the growing process. 6, 7) The eŠects of AsA on the formation of pyridinoline may help to prevent its excessive accumulation and abnormal stiŠness of cartilage. AsA is important in connective tissue metabolism and is a cofactor of lysyl hydroxylase in the hydroxylation of lysine in collagen molecule. 8, 9) It is not known if lysyl oxidase, another functional enzyme in pyridinoline formation, is associated directly with AsA.
Lysyl oxidase is a copper-dependent amine oxidase with a critical role in the biosynthesis of connective tissue matrices by cross-linking the extracellular matrix proteins, collagen and elastin. A preproprotein precursor of lysyl oxidase is synthesized on the rough endoplasmic reticulum, secreted as an Nglycosylated proenzyme, and then proteolytically cleaved to the active, mature enzyme.
10) The molecular mass of lysyl oxidase is 28 to 34 kDa, depending on the source. [11] [12] [13] [14] [15] [16] [17] [18] To clarify the role of AsA in the biosynthesis of pyridinoline, we investigated the eŠects of AsA on lysyl oxidase activity in vitro. AsA strongly inhibited the activity of lysyl oxidase highly puriˆed from bovine aorta. Ourˆndings suggest that AsA downregulates the oxidative reaction of lysine. AsA might control the changes in collagen cross-links with age.
Materials and Methods
Materials. Bovine aorta and cartilage were purchased from Tokyo Shibaura Zouki Co. (Tokyo, Japan). DEAE-cellulose resin (DE 52) was purchased from Whatman (Tokyo, Japan). Polylysine (poly-Llysine hydrochloride; purity; À95z, polymerization, 610) and homovanillic acid were obtained from ICN Biomedicals, Inc. (Tokyo, Japan) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan), respectively.
Extraction and puriˆcation of lysyl oxidase. Lysyl oxidase was extracted from bovine aorta by the method of Shackleton and Hulmes. 19) Bovine aorta (400 g) was homogenized with phosphate-buŠered saline (buŠer A, pH 7.8) and centrifuged at 17,000× g for 10 min. The pellet was extracted in 0.05 M TrisHCl buŠer containing 6 M urea (buŠer B, pH 7.6) and centrifuged at 40,000×g for 60 min. The supernatant was put on a DEAE-cellulose column. Bound proteins were eluted with a linear gradient of buŠer B and buŠer B containing 0.5 M NaCl. Bound fractions monitored at the absorbance of 280 nm were dialyzed against buŠer A, and then lyophilized to give crude lysyl oxidase. The lyophilized crude lysyl oxidase was dissolved in buŠer B and then centrifuged at 10,000 ×g for 20 min. The supernatant (0.6 g of total protein) was put on a column of Sephacryl S-200 forˆ-nal puriˆcation on the basis of the interaction of the enzyme and the column in the absence of urea and at low ionic strength. The column was washed with buŠer A, and then eluted with buŠer B. Major fractions detected at the absorbance of 280 nm were dialyzed against buŠer A and lyophilized. The puriˆed protein was identiˆed from both the molecular mass estimated by SDS-PAGE and the activity.
Preparation of substrate from bovine cartilage. Bovine cartilage was homogenized in 0.05 M TrisHCl buŠer (pH 7.6) containing 1 M NaCl and put on ice for 2 h. The homogenate was centrifuged at 20,000×g for 20 min. NaCl was added to the supernatant to reach 20z saturation for salting out at 49 C overnight. The mixture was centrifuged at 20,000×g for 20 min. The pellet was dialyzed against phosphate buŠered saline. After dialysis and centrifugation at 15,000×g for 10 min, the supernatant, the soluble collagen extract, was used as substrate.
Determination of deDHLNL and pyridinoline.
Crude enzyme was added to the soluble collagen extracted from bovine cartilage. Reaction mixture was incubated at 379 C for 14 days. After taking the mixture out at the designated incubation period, the pellet was collected for 20,000×g for 20 min and the pellet was hydrolyzed with 6 N HCl at 1109 C for 20 h. For deDHLNL, the reaction mixture was reduced with NaBH4 before hydrolysis because the cross-links were unstable. Hydrolysis products were evaporated to dryness under reduced pressure and then mixed with H2O.
HPLC of deDHLNL concentrations was done with a Shimadzu LC6-A (Shimadzu, Kyoto, Japan). A Shimadzu Shim-pack ISC-07 W S1504 Na column (150×40 mm) was eluted with 0.3 M sodium citrate buŠer, pH 4.49 at the ‰ow rate of 0.3 ml W min. The column was incubated at 559 C. In the reaction phase, NaClO and o-phthalaldehyde were mixed with the elution buŠer. Samples were detected with a ‰uores-cence HPLC monitor (RF-550, Shimadzu) with monitoring at the emission wavelength of 450 nm and the excitation wavelength of 348 nm. One unit of deDHLNL was deˆned as the amount that liberated under the 1 mol of pyridinoline per mol of hydroxyproline under the conditions for HPLC. Pyridinoline was measured by HPLC conditions described previously.
3) The amounts of hydroxyproline were measured by the method of Woessner.
20)
Assay of lysyl oxidase activity. Puriˆed enzyme activity was assayed by the methods of Trackman et al. 21) and Kagan et al. 22) Hydrogen peroxide is derived from the oxidation of polylysine by lysyl oxidase. Then hydrogen peroxide couples with homovanillic acid and horseradish peroxidase. Puried lysyl oxidase was incubated in 10 mM phosphate buŠer (pH 7.8) for 5 min. The reaction was started by the addition of polylysine (ˆnal concentration, 0.5 mg W ml), horseradish peroxidase (40 mg) and homovanillic acid (250 mg). The reaction mixture (2 ml) was incubated at 379 C and its ‰uorescence intensity was measured at an emission wavelength of AsA (1 mM) dissolved in phosphate buŠer containing 0.15 M NaCl (pH 7.8) was added to the reaction mixture on day 5 after the start of the enzyme reaction. Separately, instead of AsA, dehydroascorbic acid or diketogronic acid was added to the reaction mixture. The experiments were done three times for each compound. ±SD of pyridinoline assayed by HPLC to the value with no addition. None, no addition.
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EŠects of L-Ascorbic Acid on Lysyl Oxidase in Cross-link Formation 420 nm with excitation at 320 nm. One unit of activity was deˆned as the amount that liberated 1 nmol of H2O2 products per minute under these conditions.
Results

EŠects of AsA on pyridinoline formation in vitro
The proteins partially puriˆed were found to contain lysyl oxidase by both SDS-PAGE and enzyme assay (data not shown). We examined the timedependent eŠect on the changes of deDHLNL and pyridinoline (Fig. 2) . The concentration of deDHLNL began to increase largely 1 h after incubation and remained high until 6 h. Then it decreased gradually was theˆrst undetectable on day 10. The concentration of pyridinoline increased after theˆrst 3 days of incubation and continued to increase until the experiment was over on day 14. We decided to use a reaction time for enzymatic and nonenzymatic reactions of 0-6 h and more than 5 days, respectively, for the following experiment.
We did the experiment as below. AsA (1 mM) dissolved in phosphate buŠer containing 0.15 M NaCl (pH 7.8) was added to a solution of soluble collagen immediately before the addition of the enzyme. The reaction mixture was incubated at 379 C for 30 or 60 min as in the time of the enzymatic reaction in pyridinoline formation mentioned above. The oxidative form of AsA, dehydroascorbic acid (DHA), or else b-aminopropionitrile (BAPN), which is an inhibitor of lysyl oxidase, was added instead of AsA. The addition of AsA to the reaction mixture decreased the amount of deDHLNL, and so did the addition of BAPN (Fig. 3) . DHA had less eŠect on the concentration of deDHLNL. The results suggested that AsA was related to pyridinoline formation at the initial enzymatic reaction.
AsA (1 mM) was usually added to reaction mixture on day 5 after the start of the enzyme reaction for the nonenzymatic reaction. Instead of AsA, either DHA or diketogronic acid, which is a derivative of oxidative products of AsA, was added to the reaction mixture. These compounds had no eŠects on the concentration of pyridinoline ( Table 1) . The results suggested that AsA did not participate in the nonenzymatic reaction.
EŠects of AsA on lysyl oxidase activity To conˆrm that AsA is involved in repression of forming pyridinoline at the initial enzymatic reaction as mentioned above, we puriˆed lysyl oxidase from bovine aorta. Enzyme activity was measured by peroxidase-coupled ‰uorescence assay. 21, 23) The results of the puriˆcation are summarized in Table 2 . SDS-PAGE showed that this enzyme had been highly puriˆed (Fig. 4) . The molecular weight of the puriˆed The enzyme activity was assayed in reaction mixtures (2 ml) containing polylysine (1 mg), horseradish peroxidase (40 mg), homovanillic acid (250 mg), and 10 mM phosphate buŠer (pH 7.8) at 379 C. The ‰uorescence intensity was measured at an emission wavelength of 420 nm with excitation at 320 nm as described previously. 21, 22) Fig. 4 . SDS-PAGE of Lysyl Oxidase Puriˆed from Bovine Aorta. The sample was put through to SDS-PAGE on a 12z polyacrylamide gel. The separated proteins were stained with Coomassie Brilliant Blue. The arrow indicates the band corresponding to lysyl oxidase. The molecular mass of marker proteins are given on the left. Two micrograms of lysyl oxidase was used in this assay. Each compound was added to theˆnal concentration of 0.2 mM. None, absence of compounds.
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protein was 34 kDa, as reported previously data.
12,17,18) Figure 5 shows changes in lysyl oxidase activity in the presence of diŠerent concentrations of AsA. The activity was suppressed completely when 0.2 or 2 mM AsA ofˆnal concentration was added. With 0.02 mM of AsA, the changes in the lysyl oxidase activity were in the same pattern as in the control.
Inhibition of lysyl oxidase activity by various compounds
In an examination of the speciˆcity of AsA in the oxidative reaction of lysine, other compounds including AsA derivatives were added to the reaction mixture at theˆnal concentration of 0.2 mM (Table 3 ). The addition of AsA decreased the lysyl oxidase activity. DHA did not inhibit the activity of lysyl oxidase. The thiol compound, GSH had little eŠect on the activity. Erythorbic acid, strongly as a stereoisomer of AsA, inhibited the oxidative reaction as strongly as AsA. The addition of 3,4-dihydroxybenzoate, a structural analog of AsA, decreased the lysyl oxidase activity almost as much as with AsA. The results suggested that the inhibition by AsA on lysyl oxidase depended upon characteristics of its structure.
Discussion
Ourˆndings show that the structure of AsA is important for its eŠects on lysyl oxidase activity, because both a stereoisomer and a structural analog of AsA also inhibited the activity. GSH is widely used as a reducing agent. Lysyl oxidase contains 30 cysteine residues per 1,000 amino acid residues and is stabilized by disulˆde bonds. 24 ) Atˆrst, we thought that GSH may inhibit lysyl oxidase activity, because GSH might cleave the disulˆde bonds in lysyl oxidase. However, GSH had no eŠect on this enzyme activity. Erythorbic acid inhibited lysyl oxidase activity as well as AsA did. Erythorbic acid has the same chemical properties as AsA and shows high reduction power. The structure of AsA includes the endiol groups, which have high reduction power. 3, 4-Dihydroxybenzoate, an AsA analog, also contains endiol groups, on C-3 and C-4. It also inhibited lysyl oxidase activity as strongly as AsA. Therefore, inhibition by AsA of lysyl oxidase activity seems to arise from certain to characteristics of the structure, especially the endiol groups.
Bovine lysyl oxidase contains two diŠerent cofactors, copper 25) and lysyl tyrosyl quinone. 26) Lysyl oxidase activity in connective tissues is abnormally low in diseases of impaired copper metabolism, such as human type IX Ehlers-Danlos syndrome and Menke's syndrome. 26) An in vitro assay of lysyl oxidase, with tritium-labeled elastin as the substrate, showed that copper is needed for enzyme turnover. 27, 28) Gacheru et al. found that a single copper atom in the lysyl oxidase monomer is essential for its catalytic function and possibly for the structural integrity of the enzyme. 29) Recently, it was proposed that copper in lysyl oxidase helps to maintain cofactor or protein structural integrity or both. 30) We measured the concentration of copper (0.27 mM) in the lysyl oxidase reaction mixture. It seems that AsA and copper function stoichiometrically at the ratio of 1 to 1. Lysyl oxidase might interact with AsA. The AsA concentration decreased in the reaction mixture with lysyl oxidase (data not shown). Generally, AsA reduces Cu 2+ to Cu + and oxidizes itself. The endiol groups in AsA might reduce the enzyme-bound Cu 2+ needed for continuation of the reaction.
In our experimental system, we found that AsA aŠected the enzymatic reaction in biosynthesis of collagen cross-links, but not the nonenzymatic reaction. DHA, which is oxidative AsA, suppressed lysyl oxidase activity slightly. However, with puriˆed lysyl oxidase, DHA had no eŠect. These results suggest that reductive AsA has more eŠect on lysyl oxidase activity than DHA. The decrease in activity may be an eŠect of the enzyme partially puriˆed rather than an eŠect of DHA.
In this study, we hypothesized that AsA helps to regulate the formation of pyridinoline, that is, that AsA increases intracellular hydroxylation and inhibits extracellular oxidation of collagen residues, protecting connective tissues from stiŠness arising from excess pyridinoline. The eŠects of vitamins on lysyl oxidase, principally related to collagen and elastin cross-link formation, are not known in detail. We found that AsA decreased lysyl oxidase activity in vitro. Quaglino et al. report that lysyl oxidase activity from normal rat skin is reduced when high doses of AsA are added in vitro. 31) Whether AsA aŠects lysyl oxidase activity in vivo is not certain.
